Astrocytes are the most numerous cell type in the brain and perform several essential functions in supporting neuronal metabolism and actively participating in neural circuit and behavioral function. They also have essential roles as innate immune cells in responding to local neuropathology, and the manner in which they respond to brain injury and degeneration is the subject of increasing attention in neuroscience. Although activated astrocytes have long been thought of as a relatively homogenous population, which alter their phenotype in a relatively stereotyped way upon central nervous system injury, the last decade has revealed substantial heterogeneity in the basal state and significant heterogeneity of phenotype during reactive astrocytosis. Thus, phenotypic diversity occurs at two distinct levels: that determined by regionality and development and that determined by temporally dynamic changes to the environment of astrocytes during pathology. These inflammatory and pathological states shape the phenotype of these cells, with different consequences for destruction or recovery of the local tissue, and thus elucidating these phenotypic changes has significant therapeutic implications. In this review, we will focus on the phenotypic heterogeneity of astrocytes in health and disease and their propensity to change that phenotype upon subsequent stimuli.
Introduction
Although the important role of astrocytes in supporting neuronal function has been known for many years and continues to be elucidated, information on their roles in responding to local neuropathology and in the mediation of innate immune responses has rapidly expanded in recent years. Moreover, although astrocytes have largely been researched with an apparent assumption about homogeneity of phenotype, it is now apparent that they show considerable phenotypic diversity, influenced by their regional environment within the brain and by dynamic changes to that environment arising during pathology, stress, or inflammation. In this review, we will focus on the phenotypic heterogeneity of astrocytes in health and disease and their propensity to change that phenotype upon subsequent stimuli. It is not possible to address all studies on astrocytes in pathology here, and we refer readers to excellent reviews on astrocytes in the normal and pathological brain (Sofroniew and Vinters 2010; Verkhratsky and Nedergaard 2018) . To understand how astrocyte function shapes function and dysfunction in the brain it is important to recognize that phenotypic diversity occurs at two quite different levels: that determined by regionality and development and that determined by dynamic changes to the environment of astrocytes during pathology.
A Brief History of Astrocytes
Rudolph Virchow first introduced the idea of "neuroglia," defining it as "nerve glue," the connective substance in which nervous system elements are embedded and which contains a number of cellular elements (Virchow 1858) .
Years later, Camilo Golgi described cells with some of the typical characteristics of astrocytes and demonstrated the existence of glial-vascular contacts (endfeet) using the silver nitrate stain, developed in 1873, and at it was at the end of the century when the idea of a close interaction between neurons and glia was suggested (Schleich 1894) . Santiago Ramón y Cajal applied the Golgi method to describe almost every part of the central nervous system (CNS), including astrocyte morphology, but lamented the lack of tools available to study these cells (Ramón y Cajal 1995) . As early as 1893, astrocytes were classified into two different categories: fibrous and protoplasmic (Andriezen 1893; Kölliker 1889) . Broadly speaking, protoplasmic astrocytes are long, unbranched, mostly present in the grey matter, S100β positive, with low or absent glial fibrillary acidic protein (GFAP) and involved in the "neurovascular unit," whereas fibrous are defined as short, with highly branched processes, located in the white matter, GFAP-positive, and probably related to myelination processes (Chaboub and Deneen 2012) . Transcriptomic analysis identified several differences between GFAP positive (GFAP+) and GFAP negative (GFAP−) astrocytes from the normal mouse brain, but many of these genes were not astrocyte specific, and generally speaking, their profiles were markedly similar (Lovatt and others 2007) . These two phenotypes have been the main descriptors for decades. However, recent works show that the distribution and proportion of these two astrocyte types varies across brain regions (Emsley and Macklis 2006) with up to nine different astrocyte morphologies in the brain including protoplasmic and fibrous astrocytes but also tanycytes and radial, Bergmann, Muller, velate, marginal, and perivascular glia. However, although Bergmann and Muller glia are morphologically different to protoplasmic astrocytes, they have similar functions in the adult brain with respect to the regulation of synaptic activity (Bringmann and others 2009; Hoogland and Kuhn 2010) . Therefore, the categorization of astroglia based on gross morphology is not enough to establish clearly differentiated functional groups of astrocytes. The analysis of molecular profiles is obviously necessary.
Molecular Heterogeneity
The analysis of astrocyte-rich cultures and CNS tissue homogenates began to elucidate the molecular profile of astrocytes (Bachoo and others 2004; Doyle and others 2008) showing that in vitro astrocytes cultured in serumcontaining media show significant activation compared to astrocytes isolated ex vivo (Cahoy and others 2008) . Another key difference is Notch signaling and its target genes Hes5 and Hey2, which are (a) induced by rat neurons co-cultured with mouse astrocytes, (b) are repressed when astrocytes are removed from their in vivo environment, and (c) are induced again when neurons are overlaid onto ex vivo astrocytes (Hasel and others 2017) . Significant differences are apparent among astrocytes, governed by their position on the dorsoventral axis (Morel and others 2017) , possibly driven by dorsoventral gradients of organizing signals such as Sonic hedgehog (Farmer and others 2016) . A highly detailed comparison of striatal and hippocampal astrocytes revealed significant differences in morphology, in electrophysiological properties, in Ca 2+ -signaling, and in synaptic proximity, suggesting a specialization of astrocytes within different neural circuits (Chai and others 2017) . Recent single cell RNA sequencing studies have identified seven discrete molecular phenotypes for astrocytes in the mouse brain (Zeisel and others 2018) , with an obvious distinction between telencephalon and non-telencephalon astrocytes, which appears developmentally determined. Even within these two broad regions, each show two discrete populations based on their Gfap expression and these appear to correspond to fibrous and protoplasmic astrocytes from each region. Astrocytes originate from the neuroepithelium-derived radial glia (Kriegstein and Alvarez-Buylla 2009) around the embryonic day E16-18, when the CNS development switches from neurogenic to gliogenic (Deneen and others 2006) , and they reach their "mature gene profile" at P30 (Cahoy and others 2008) . While the specific region where astrocytes are born confers, on them, a morphological and functional heterogeneity, cell fate tracking techniques and modifications of the "brainbow" method show that even different astrocyte populations within the same brain region show heterogeneity that is determined early in development (Bribián and others 2016) .
Function of Astrocytes in the Healthy Brain
The functions of astrocytes are varied and many and consequently astrocytes are competent communicating elements within the CNS (Fig. 1 ). Astrocytes communicate with each other mainly through connexin 43-containing gap junctions, resulting in a functionally coupled "glial syncytium" that allows the rapid transfer of ions, ATP, glucose, cAMP, IP 3 , amino acids, and gliotransmitters such as GABA or glutamate (Orellana and Stehberg 2014) . Astrocytes also communicate with microglia in health and disease, and although information on physical contacts between these cells is absent, there is an exchange of ATP, trophic factors, and amino acids that involves extracellular vesicles (Paolicelli and others 2018) , P2Y receptors (Quintas and others 2018), or aquaporin-4 (Sun and .
Astrocytes maintain intimate communication with the cerebral vasculature through astrocytic "endfeet," forming the neurovascular unit that regulates the cerebral blood flow (CBF) and regulates the blood-brain barrier (BBB) (Abbott 2002) . Neuronal activity increases CBF and oxygen utilization at a local level in a process known as functional hyperemia. This is the basis of the BOLD signal measured in functional magnetic resonance imaging (fMRI) that allows us to image local changes in brain function in vivo (Chaigneau and others 2003) . During synaptic activation, glutamate is released into the synaptic cleft and binds to the postsynaptic receptors inducing nitric oxide (NO) and prostaglandin (PG) release that contributes to vessel dilation. However, astrocytes also contribute to dilation and constriction of vessels via glutamate binding of astrocyte metabotropic glutamate receptors (mGluR) and release of vasoactive arachidonic acid (AA) and AA-metabolites. The complexities of CBF regulation are reviewed elsewhere (MacVicar and Newman 2015) .
Neuronal energy metabolism is also influenced by astrocytes, not least because they are the only CNS cell type with glycogen stores. The conventional neuroenergetic hypothesis posits that glucose is the key energy source for neurons during neural activity and that the lactate produced during activity is removed after this process (Sokoloff 1989) . The more recent astrocyte-neuron lactate shuttle hypothesis (Magistretti and Pellerin 1996) proposes that increased neuronal activity leads to increased astrocyte glucose uptake from the vasculature, preferential glycolysis in astrocytes, and increased lactate release to the milieu to be taken up and oxidized by neurons. Cortical astrocytes have been shown, ex vivo, to preferentially synthesize lactate from pyruvate and release lactate into the media, while neurons were 8-fold more likely to express lactate dehydrogenase (LDH) to synthesize pyruvate from lactate (Lovatt and others 2007) . Furthermore, the existence of a lactate gradient from astrocyte to neurons has been shown using a genetically encoded lactate biosensor (Mächler and others 2016) . However, it remains true that neurons have the capacity to use glucose in glycolysis: in vitro neurons have higher glucose analogue uptake rate than astrocytes and this is replicated in awake mice (Lundgaard and others 2015) . There is clearly empirical support for both positions (Chih and Roberts 2003; Tang 2018) . It is perhaps predictable that neurons would require metabolic versatility, also using fatty acids and ketone bodies for fuel, but astrocytes are important contributors to maintaining neuronal energy balance. Astrocyte function in the healthy brain. The role of astrocytes as communicating elements of the CNS, showing the interactions with the blood vessels, microglia, neurons, and neighboring astrocytes. GDNF = glial cell-derived neurotrophic factor; TGFβ = transforming growth factor beta; PGE2 = prostaglandin E2; NO = nitric oxide; AA = arachidonic acid; ATP = adenosine triphosphate; cAMP = cyclic adenosine monophosphate; BDNF = brain-derived neurotrophic factor.
Most synapses are surrounded by astrocytic processes, supporting the idea that astrocytes have important roles at the synapse. This "tripartite synapse," consisting of presynaptic and postsynaptic nerve terminals and the associated astrocyte, was first interrogated and named by Araque (Araque and others 1999) . This concept evolved to include microglia and extracellular matrix in the "multipartite synapse" (Verkhratsky and Nedergaard 2014) . The concept of the tripartite synapse embraces the important role of astrocyte glutamate transporters in the reuptake of synaptic glutamate and K + clearance by excitatory amino acid transporter 1 (EAAT1) and Kir4.1, respectively, but also considers the astrocyte expression of neurotransmitter receptors coupled to second-messenger systems that induce calcium waves and the release of "gliotransmitters" from astrocytes (glutamate, D-serine, ATP). These gliotransmitters have roles in regulating neuronal development, neurotransmitter release, and behavior (Halassa and Haydon 2010) .
Astrocytes, therefore, are active players in neuronal communication, and given their heterogeneity, it might follow that specific astrocyte populations function differently in distinct neuronal circuits to modulate behavior. This was first demonstrated in sleep modulation studies. Sleep/wake states are regulated by adenosine levels via adenosine 1 (A1) receptors. Dominant negative SNARE mice, in which the vesicular machinery needed for neurotransmitter release is selectively disrupted in astrocytes, showed impaired adenosine release and disruptions in slow-wave activity during sleep (Halassa and others 2009) . A specialized role of astrocytes in feeding behavior was demonstrated by postnatal ablation of insulin receptors in GFAP+ cells. This manipulation changed the morphology, mitochondrial function, and circuit connectivity of hypothalamic astrocytes and lead to reduced activity in pro-opio-melanocortin hypothalamic neurons, and altered blood glucose and appetite (García-Cáceres and others 2016). Thus, in the healthy brain astrocytes serve as communicating elements, energy suppliers, and regulators of synaptic and behavioral function in specific ways that are underpinned by their basal heterogeneity (Ben Haim and Rowitch 2017; Oliveira and others 2015) .
Astrocytes as Innate Immune Cells
Astrocytes fulfil an important role as innate immune cells in the brain. Innate immunity concerns the tissue's primary response to infection or injury and requires that local cells secrete inflammatory mediators such as cytokines, chemokines, and prostaglandins that initiate chemotaxis and control inflammatory cell infiltration and that these cells participate in removal of debris or microorganisms by phagocytosis. While there is substantial evidence that microglia are primary drivers of innate immune responses to disturbances within the CNS, it is clear that astrocytes express at least a subset of pattern recognition receptors (Farina and others 2007) and contribute to mediating the local innate immune response triggered by different stimuli or brain damage and their phenotype is heavily influenced by inflammatory cytokines (John and others 2005) . Some facets of astrocyte contribution to innate immunity are detailed below, while their overlap with phenotypic diversity requires that some themes are revisited in later sections of this review.
Pattern Recognition Receptors in Astrocytes: Bacterial Endotoxin
Although many studies in the literature describe the response of astrocytes to LPS, most of those cultures "accepted" a residual microglial population of between 1% and 10%, which are sufficient for mediating proinflammatory responses of these cultures to LPS (Saura 2007 ). Holm and colleagues rigorously purified astrocytes to determine their capacity for autonomous TLR responses, in absence of microglia. Using both flow cytometry and a myeloid lineage-specific suicide gene to demonstrably purify astrocytes from mixed glial cultures, these authors measured astrocyte responses to TLR agonists and showed that the response to TLR4 agonists was completely dependent on the presence of functional microglia (Holm and others 2012) . The response of astrocytes to TLR2 and TLR3 agonists was also significantly less efficient in the absence of microglia and this raises a significant caveat to many studies in the in vitro literature. In the case of the TLR4 response to lipopolysaccharide, microglia exert their effect on astrocytes at least partially through release of soluble mediators that directly activate or facilitate astrocyte responses (Holm and others 2012) , and LPS applied directly to purified astrocytes also had very limited effects on astrocyte phenotype in more recent studies . These findings are consistent with our own observations: intracerebral challenge with LPS triggers the microglia to rapidly synthesize IL-1β, but if this step is by-passed, and the cytokines IL-1β or TNF-α are directly applied to the hippocampus, the astrocyte population rapidly translocates NFκB to the nucleus and synthesizes chemokines CCL2, CXCL1, and CXCL10 (Hennessy and others 2015; Lopez-Rodriguez and others 2018) . Thus, although influence can be exerted in either direction, it is likely that the microglial cell remains the primary responder to PAMPS and alarmins in most cases and that microglia secrete soluble mediators to drive astrocyte responses.
Nucleic Acid Sensing by Astrocytes
One set of responses that is very robust in astrocytes is orchestrated by nucleic acids sensors. In addition to detecting double stranded (ds) RNA in endosomal compartments via TLR3, astrocytes can sense cytosolic RNA via the Rig-I-Like Receptor (RLR) proteins, retinoic acid-inducible gene I (RIG-1), and melanoma differentiation-associated protein 5 (MDA-5) (De Miranda and others 2008; Furr and others 2008) . These receptors signal through the mitochondrial protein, mitochondria antiviral-signaling protein (MAVS), and the kinases, IκB kinase-ε (IKKε) and TANK-binding kinase-1 (TBK-1), to drive interferon regulatory factor (IRF) activation and subsequent type 1 interferon production (Chow and others 2018) . Astrocytes have also been reported to express the endosomal receptors, TLR7 and TLR9, which detect single stranded viral RNA and bacterial unmethylated CpG DNA, respectively (Butchi and others 2010) . In addition to endosomal DNA detection, we have demonstrated that highly purified murine astrocytes express a number of putative DNA binding PHYIN proteins (so called as they contain an N-terminal PYRIN domain and a C-terminal HIN domain) and the enzyme cyclic GMP-AMP synthase (cGAS) and respond robustly to cytosolic DNA via cGAS and p204 (Cox and others 2015) . Upon binding dsDNA, cGAS converts ATP and GTP to 2′-5′cGAMP, a cyclic di-nucleotide second messenger, which subsequently binds the ER-membrane bound protein, stimulator of interferon genes (STING), leading to the recruitment of TBK1 and activation of the IRF3-interferon axis (Chen and others 2016) . Both cGAS and STING are expressed in human microglia and astrocytes (Jeffries and Marriott 2017) , and in vivo studies have begun to establish the importance of cGAS-STING pathway both in CNS infection and in sterile inflammation. For example, cGAS or STING deficient mice are highly susceptible to herpes simplex encephalitis (HSE), abolishing microglial type 1 interferons and the ability of astrocytes to upregulate TLR3 (Reinert and others 2016) . Self-DNA has been linked to inflammatory and autoimmune diseases such as systemic lupus erythematosus (SLE) and Aicardi-Goutieres syndrome (AGS), a congenital encephalopathy caused by mutations in nucleic acid degrading enzymes including TREX1 (Dhanwani and others 2018) . Neurological impairment is accompanied by elevated levels of type 1 interferons in the CSF of AGS patients, and cGAS has recently been identified as the principal PRR responsible for mediating inflammation in TREX1 deficient mice, thus providing a key link between AGS, cGAS, and abnormal nucleic acid sensing in the CNS (Gao and others 2015; Gray and others 2015) . Upregulation of cGAS also occurs in chronic neurodegeneration (Cox and others 2015) ; hence, increases in cell-free DNA coupled with increases in the expression of nucleic acid sensors during sterile inflammatory responses (or failure to regulate their expression during infection) has the potential to exacerbate already existing inflammation.
Another important cytosolic sensor, absent in melanoma 2 (AIM-2), can also directly bind dsDNA and is expressed by astrocytes and microglia (Cox and others 2015) to form an inflammasome complex with the adaptor protein, ASC, and the enzyme, caspase-1, leading to IL-1β processing and secretion (Place and Kanneganti 2018) . IL-1β production and inflammasome activation is a two-step process in most cell types; a priming signal is required to upregulate the expression of pro-IL-1β and inflammasome components while a second signal leads to inflammasome assembly and caspase-1 activation and is mediated by the inflammasome activator itself. The priming signal is provided in many cases by TLR-induced NF-κB activation; however, as mentioned above, the presence of functional TLR responses in astrocytes is debated. Indeed, murine astrocyte cultures devoid of microglia and primed with TLR2, TLR3, and TLR4 ligands failed to secrete IL-1β in response to the inflammasome activator, ATP (Facci and others 2014) , and we have also found this to be the case when using dsDNA to drive AIM2 mediated inflammasome activation in purified astrocytes (unpublished data). Furthermore, Barbierato and others (2013) demonstrated that rat astrocyte cultures failed to drive inflammasome dependent IL-1β production in isolation; however, when co-cultured with microglia, IL-1β production far exceeded that observed from cultures containing the same numbers of microglia alone, suggesting that microglia confer LPS responsiveness on astrocytes or, indeed, that astrocytes are enhancing inflammasome-dependent IL-1β production by microglia. The sensors and pathways involved in nucleic acid sensing are summarized in Figure 2 .
Phagocytosis, Immune Cell Infiltration, and Blood Brain Barrier in CNS Injury
Although microglia are the professional phagocytes of the CNS, there is evidence that astrocytes have the molecular machinery to participate in phagocytosis (Cahoy and others 2008) . Extracellular protein deposits such as Amyloid-β constitute endogenous activators of astrocyte phagocytosis and overlay of Aβ plaque-containing cultures with astrocytes resulted in significant reduction of tissue Aβ1-42 levels (Wyss-Coray and others 2003).
Other in vitro studies have demonstrated CD47-, CD36-, and RAGE-mediated Aβ engulfment (Jones and others 2013) . That this clearance function is biologically significant and that different aspects of astrocyte function may influence disease course in different ways is supported by findings that 1) ablating the intermediate filaments GFAP and Vimentin significantly reduced hypertrophy but also impaired amyloid clearance (Kraft and others 2013) but 2) suppressing astrocyte calcineurin/NFAT signaling improves amyloid pathology and cognitive function (Furman and others 2012) . Indeed, astrocytes also appear to engulf a small minority of dystrophic neurites around amyloid plaques in both mouse and human (GomezArboledas and others 2018). Astrocytes have been shown to mediate synapse elimination during development and in adulthood through MERTK, a known receptor for "eat me" signals during phagocytosis and MEGF10, an orthologue of Drosophila Draper and C. elegans CED-1 (Chung and others 2013). There are conflicting data as to whether this process requires C1q to mediate uptake of synaptic terminals (Iram and others 2016; Stevens and others 2007) . MEGF10 has also been shown to cooperate with ABCA1 during astrocyte uptake of apoptotic cells in ischemia. Consistent with discrete and complementary roles, microglia were more phagocytically active in the ischemic core at early time points while astrocytes were more active in the penumbra at later times post-lesion (Morizawa and others 2017) . Thus, in health and disease, astrocytes appear competent for phagocytosis, although their contribution, relative to microglia, remains incompletely characterized.
Increased myelin debris has also been shown inside reactive astrocytes in human MS lesions and this appears to be an early clearance event that contributes to astrocyte activation and immune cell infiltration via chemokine expression (Ponath and others 2017) . Indeed, the regulation of the innate immune response to brain injury may be heavily influenced by initial astrocyte responses: axonal injury in the perforant path (from entorhinal cortex to hippocampal dentate gyrus) leads to significant astrocyte expression of chemokines CCL2 and CCL5 and the former contributes significantly to monocyte and T-cell infiltration (Babcock and others 2003) . Axonal transection also rapidly induces type I interferon responses and STAT1/2 signaling in astrocytes and astrocyte-specific inhibition of NFκB suppressed CCL2 expression and leukocyte infiltration Owens 2010, Khorooshi and . A wide range of chemokines are secreted by both murine and human astrocytes upon IL-1 stimulation (Choi and others 2014; John and others 2005) and this regulation of leukocyte infiltration represents a key astrocyte contribution to innate immunity.
Infiltration of inflammatory cells into the brain is restricted by the BBB. This barrier, consists of a specialized non-fenestrated endothelial cell layer expressing tight junctions and an astrocyte endfoot layer, separated from each other by a basement membrane layer that comprises distinct endothelial and astrocytic basement membranes (the latter more commonly known as the perivascular glia limitans). Perivascular astrocytes are essential for functional barrier capacity of the BBB and endfeet proteins including Aquaporin 4, Kir4.1, and Cx43 contribute to water and electrolyte movement and barrier function (Alvarez and others 2013) . Sonic hedgehog (SHH) is among several astrocyte proteins contributing to BBB integrity and astrocyte Cx43 also has a key role in maintaining immune quiescence in the CNS, preventing B and T cell infiltration and autoimmunity (Boulay and others 2015) . Both SHH and Cx43 are downregulated by IL-1β effecting increased permeability in the BBB (Wang and others 2014; Watanabe and others 2016) . Loss of astrocyte endfoot coverage of the glia limitans is a striking feature of active MS lesions, allowing leukocytes to transmigrate from the Virchow Robin space across the glia limitans and into the brain parenchyma (Brosnan and Raine 2013) . Thus, normal astrocyte function is essential to BBB integrity and immune regulation in the brain and actions of proinflammatory cytokines can alter permeability to leukocytes via effects on the perivascular astrocyte.
Antigen Presentation and T-Cell Interactions
Although astrocytes seem well placed, at the blood brain interface, to present antigen and can be induced to express MHC class II and can present antigen to T-cells that have already been activated with brain-specific antigens (Fierz and others 1985) , they seem to lack the necessary costimulatory molecules to act as efficient antigen presenting cells (Williams and others 1995) . Nonetheless, in disease states such as multiple sclerosis, and its rodent model EAE, T cells can infiltrate the brain and key T cell secretory products such as IFNγ and IL-17 are known to have significant impacts on astrocyte function. Although IFNγ has detrimental roles in EAE, astrocyte-specific deletion of IFNγR causes increased CCL2, CCL5, and CXCL10 expression and leukocyte infiltration (Hindinger and others 2012) while targeting Act1, an NFκB activator on the IL-17R signaling pathway, in astrocytes is effective in treating EAE-induced inflammation (Yan and others 2012) .
Astrocyte Activation in Injury and Pathology
After any CNS insult or during neurodegenerative disease, astrocytes become reactive and evidence suggests they lose many normal functions and gain new abnormal roles that can contribute to pathology (Verkhratsky and Nedergaard 2018) . This "astrocytosis" may consist of proliferation, morphological changes, enhancement of GFAP expression, and changes in gene, molecular, and metabolic profile. Astrocytes may promote neuronal survival by the production and release of neurotrophic and growth factors and contribute to tissue consolidation and remodeling by the formation of glial scars. It is already abundantly clear that the ablation or removal of astrocytes is detrimental in models of stroke and spinal cord injury (Burda and Sofroniew 2014) emphasizing that the response of astrocytes to brain injury is an essential part of recovery. Therefore, questions about whether astrogliosis is beneficial or detrimental will be context-and timing-dependent and unravelling different aspects of astrocyte phenotype will be essential.
Just as for healthy astrocytes, and despite a long-standing binary nomenclature (reactive or not), astrogliosis is also a heterogeneous process, and its nature and extent depends on the context and severity of the insult and the time point with respect to the onset of the brain insult (Sofroniew and Vinters 2010) . The multicellular response to acute injury comprises three phases: cell death and initiation of inflammation (within hours), tissue replacement (days to weeks), and tissue remodeling (longer periods). Inflammatory changes occur rapidly: microglia are the most rapid and motile responders after acute injury (Nimmerjahn and others 2005) while astrocytes do not migrate to the injury site but may swell, hypertrophy, and proliferate (Burda and Sofroniew 2014) . During tissue replacement some BBB breakdown may persist, thereby allowing serum proteins like thrombin and albumin access to the brain tissue, and the formation of a compact glial scar becomes an important protective mechanism for separating the lesion core, with its serum proteins and inflammatory infiltrates, from the surrounding tissue during repair of the vasculature. In this sense glial scarring is clearly beneficial in acute injury models (Li and others 2008; Wanner and others 2013) . Astrocytes also contribute to BBB repair in this phase (Wanner and others 2013) . Therefore, temporal aspects of the response to acute injury are major determinants of the phenotype of astrocytes.
Astrocytes also show heterogeneity in molecular phenotype as a function of the severity of the reactive astrocytosis present in injured or diseased tissue. Sofroniew and colleagues have described astrogliosis as a finely graded continuum of progressive changes in gene expression and cellular changes but nonetheless offer a classification (Sofroniew and Vinters 2010) Gfap and Serpina3n remained elevated with both severities and throughout 2 weeks, inflammation predominated at 1 week post-full transection (complement factors, interferon stimulated genes, antigen presentation, Stats) but was relatively muted in hemisection astrocytes. The major change at 2 weeks post-full transection was the downregulation of tissue degradation and proteolysis pathways (Noristani and others 2016) . Despite the four broad classifications of Sofroniew, there are clearly areas of overlap between "moderate" and "severe," and in particular, chronic neurodegenerative disease is associated with severe astrogliosis with or without glial scar formation.
Molecular Characterizations of Astrocyte Phenotypes

Systemic Inflammation
GFAP expression is a key measure of "mild to moderate" astrogliosis, and studies of systemic inflammation confirmed increased Gfap transcription as early as 6 hours post LPS or poly I:C (Biesmans and others 2015). Although LPS (0.3-0.6 mg/kg) left GFAP immunolabeling relatively unchanged by 12 hours, it induced Ccl2, Il10, and Tgfb1 in astrocytes, while Il1b and Il6 were preferentially expressed by microglia (Norden and others 2016) . At higher doses of LPS (3 mg/kg), GFAP, vimentin, and several chemokines were elevated in astrocytes (Hasegawa-Ishii and others 2016) and similar results were shown 24 hours post-LPS (5 mg/ kg). A detailed transcriptomic analysis of astrocytes from that study (Zamanian and others 2012 ) is presented below. Although peripheral LPS is described as a model of neuroinflammation, it is important to note that at higher doses (>1 mg/kg) this is a model of moderate to severe sepsis, causing robust systemic inflammation and some neurodegeneration in the brain (Semmler and others 2005) and this may place the resulting astrocytosis on the moderate or severe rather than mild end of the scale.
Sepsis versus Stroke
Experimenters have begun to characterize the molecular distinctions between astrocytes activated by different acute stimuli involving acute neurodegeneration. In one useful study, astrocytes isolated from the brains of mice treated with 5 mg/kg LPS or from animals subjected to the middle cerebral artery occlusion model of stroke were analyzed at the transcriptomic level and showed temporally defined patterns of astrocytic gene expression (Zamanian and others 2012) . The analysis of astrocytosis at 1 day post-MCAO and 1 day post-LPS showed substantial differences between these astrocyte populations. Although transcripts for Lcn2, Steap4, Gfap, Cxcl10, Timp1, S1pr3, Serpina3n, and others were highly expressed in both insults, there was significant divergence between their profiles. MCAO drove a profile characterized by increased metabolic activity, cell-cycle genes, and transcription factors, while LPS drove a more immune-mediated, NFκB-driven response with prominent complement, antigen presentation, and interferonresponse pathways (Zamanian and others 2012) .
Although the authors concluded that reactive astrogliosis was likely a highly heterogeneous state and speculated on how many subtypes of astrocytes exist, surprisingly this study also provided the platform for the view that reactive astrocytes may take up one of 2 polarized states, now termed A1 and A2 . Following the studies of Zamanian and others (2012) , these authors showed that the astrocyte profile produced by high-dose systemic LPS (in vivo) did not occur in animals lacking microglia due to deletion of Csf1r. Therefore, microglia activation licenses this pro-inflammatory astrocyte phenotype. Interrogating inflammatory mediators responsible for this, they identified IL-1α as strongly inducing the "A1" phenotype, while IL-1β induced a number of "A2" transcripts and a smaller number of "A1" transcripts. While both TNF-α and C1q were relatively weaker inducers of A1 transcripts, when combined with IL-1α they produced a very polarized "A1" phenotype. The ability of microglial LPS-conditioned media to induce this A1 phenotype in cultured astrocytes was completely ablated using neutralizing antibodies against IL-1α, TNF-α, and C1q and astrocytes from mice with deletions of Il1a, Tnf, and C1q also failed to adopt this polarized state. The growth factors FGF and TGFβ1 were also able to reverse the A1 phenotype 24 hours after its induction. These polarized A1 astrocytes failed to support synaptic function, were inefficient at phagocytosis of myelin, and cultured media from these astrocytes were neurotoxic to retinal ganglion cells, spinal motor neurons, and cortical neurons . Such an astrocyte phenotype, in vivo, would appear to be extremely deleterious.
This study also contains a very large data set examining the influences of many inflammatory and growth factors on astrocyte phenotype and will be a valuable source of information and testable hypotheses. However, some caution is required. The microglial milieu inducing this A1 phenotype may constitute a sort of "perfect storm" of inflammatory mediators that occurs only in severe situations. In proposing these polarized states, there is a significant risk that the complexity of the factors shaping astrocyte phenotype may be oversimplified and that rather small panels of genes may be adopted by researchers to infer whether astrocytes adopt these polarized A1/ A2 phenotypes, which could be misleading in the way that the, now abandoned, M1/M2 nomenclature has been for the microglial field. The question of whether chronic CNS pathologies conform to this A1/A2 dichotomy needs to be addressed. Boisvert and others (2018) analyzed the aging astrocyte transcriptome from different brain regions of mice revealing significant elevation of a number of pan-reactive, A1 and A2 transcripts with relatively similar fold increases in A1 and A2 categories. Among the "A2" genes elevated were Tgm1, S100a10, Ptx3, and Emp1. In another aging study, astrocytes from the hippocampus and striatum of 2-year-old mice were described as showing an "A1-like" phenotype and this phenotype failed to emerge in Il1a/ Tnf/C1q triple knockout mice (Clarke and others 2018) . However, adoption of a microfluidic device containing only the pre-selected genes assembled from the original A1/A2 studies effectively constrained the study to conform to the A1/A2 terminology but the profile described as "A1-like" comprised several genes from both designations "A1-specific" and "A2-specific" (Tgm1, s100a10, Slc10a6, Cd14) and the distribution of A1 and A2 specific genes is relatively even among wild type animals in those experiments where they are compared to the triple knockout. Therefore, the knockout of Il1a/Tnf/C1q significantly mitigates overall astrocyte reactivity but a phenotype comprising relatively equal numbers of "A1-specific" and "A2-specific" transcripts cannot be described as conforming to the polarized A1 state. Valuable as the data are to understand astrocytic changes with age, it is important that ill-fitting categorical phenotypic designations are not imposed on emerging data. A more flexible classification of astrocytes would be more appropriate.
Aging
Indeed, that different stimuli might differentially shape astrocyte phenotype is intuitive and the possibilities are almost endless. One study (Hamby and others 2012) used astrocytes (cultured from p1-3 neonatal mice, treated with cytosine-β-D-arabinofuranoside and L-leucine methylester to remove microglial impurities) to examine the divergent astrocyte profiles induced by TGFβ1, LPS+IFNγ, or all three in combination compared to the basal condition. TGFβ1 produced a strikingly different profile from those cultures treated with LPS, with LPS predictably driving immune-signaling pathways but TGFβ1 driving cell development, growth and proliferation, and lipid metabolism pathways. Adding TGFβ1 to cultures simultaneously with LPS+IFNγ produced 1038 differences from LPS+IFNγ alone, and although many LPS-induced effects remained, there were a significant number of genes for which the treatments produced synergistic effects that would not have been predicted from summation of effects alone. For example, while LPS induced Il6, Nos2, and Lif and TGFβ1 did not, TGFβ1 amplified the induction of these inflammatory transcripts by LPS. What these multiple changes in transcriptional profile mean for function cannot easily be determined, but a predominance of decreased expression of transcripts and signaling effectors for G protein-coupled receptors lead to a demonstration of downregulation of intracellular Ca 2+ increases in astrocytes treated with agonists for chemokine, adrenaline, and purinergic receptors (Hamby and others 2012) . Thus, combinatorial treatments can produce multiple different functional states in astrocytes and it is hard to imagine that activated astrocytes could adopt one of only two polarized states. Although an enormous number of potential activating factors were tested and failed to produce the polarized states induced by IL-1α+TNF-α+C1q (Liddelow and others 2017), several molecules including CCL2, S1P, and IGF1 stimulated profiles that were a modest, but relatively equal, assortment of pan-reactive and putative A1 and A2 transcripts, while IL-10 stimulated several of all three categories and TGFβ1 induced several A1 and A2 transcripts despite affecting very few supposedly panreactive genes. Those data emphasize the multitudinous phenotypic possibilities with different activation factors, and if different combinations of such activators were applied, the scope for a broad spectrum of phenotypes is manifest.
Chronic Neurodegeneration
Chronic neuroinflammation does not produce astrocyte phenotypes conforming to those induced by LPS or MCAO. Transcriptomic studies of astrocytes isolated from brains of APP/PS1 mice, showing robust amyloid pathology relevant to AD (Orre and others 2014), demonstrated that astrocytes from 15-to 18-month-old APP/PS1 cortices show a marked increase in expression of genes underpinning pro-inflammatory responses. Indeed, many of the genes elevated in the astrocyte preparations were markers more traditionally associated with microglia (such as Clec7a, Tyrobp, Trem2, Itgax, Cd14, Cst7, Csf1r, Cx3cr1, Lgals1, Aif1) . Directly comparing expression patterns to those of LPS and MCAO at 24 hours (Zamanian and others 2012) , the authors revealed that there was a large cluster of differentially regulated genes that showed no overlap with either LPS or MCAO, illustrating that A1 and A2 phenotypes do not capture the profile of astrocytes in this model. Indeed, the top 100 upregulated genes in the Orre APP/PS1 study contained just one A1 gene, one A2 gene, and two "pan-reactive genes" identified in the top 50 upregulated genes from the LPS/MCAO study (Zamanian and others 2012) . Several "pan-reactive genes" (Liddelow and others 2017) were not elevated in this AD model, suggesting that those are not actually "pan-reactive" genes with respect to chronic neuroinflammation. The cluster of genes that did overlap with LPS and MCAO profiles showed relatively similar upregulation of A1 and A2 genes and the strongest overlap between all these models was in downregulated genes. These included genes involved in glutamate transport and metabolism, Notch signaling, K + channels, and ion/fluid balance. This is concordant with recent data (Hasel and others 2017) : astrocytes living in close proximity with neurons express Hes5 and Hey2, and when those neurons are absent, are removed, or enter a degenerative state, astrocytes downregulate a large panel of genes involved in neuronal support.
In the P301S model of tau pathology, despite clear GFAP-positive astrocytosis, there was little evidence of expression of pan-reactive, A1 or A2 transcripts. However, when the Tau transgene was expressed on an ApoE4 background, the expression of A1 genes was moderately increased, although this represented only subsets of pan-reactive and A1 genes and only in some animals (Shi and others 2017) . In two models of Parkinson's disease, glucagon-like peptide 1 receptor agonists prevented neurotoxicity and spread of α-synuclein pathology and this was described as mediated by the prevention of adoption of the A1 astrocyte phenotype (Yun and others 2018) . However, the preselected astrocyte transcript 'target' panels limit the phenotypic characterization of astrocytes provided in these models.
Overall the data from chronic neurodegeneration indicate that the binary classification of reactive astrocytes is untenable and perhaps the recently described A1 phenotype most clearly demonstrates that a polarized state is possible when subjected to multiple different pro-inflammatory mediators, released from microglia at their own "most pro-inflammatory" state. There may be a finite number of somewhat polarized phenotypes after robust and acute stimulation (LPS at 5 mg/kg and MCAO both meet that criterion) but those chronic disease models in which astrocytes have been isolated and analyzed show profiles that diverge from the A1 and indeed pan-reactive profiles. This is analogous to the marked differences between microglia in neurodegenerative disease and the classical pro-inflammatory, NFκB-driven, "M1-like" microglia arising after LPS stimulation (Holtman and others 2015) . However, all insults that produce neurodegenerative consequences may share some overlap in a program of gene regulation that suppresses astrocyte support of neuronal function.
Sequential Activation, Astrocyte Priming, and Phenotype Switching
Our own work provides further evidence that astrocytes adopt further phenotypic states. Although astrocytes in animal models of both prion disease (ME7) and Alzheimer's disease (APP/PS1) show astrogliosis, that is, morphologically, in the severe range, they express relatively low levels of many of the chemokines associated with robust astrocyte activation in transcriptomic studies. However, upon secondary inflammatory challenge with the cytokines IL-1β or TNF-α, these astrocytes switch phenotype and make very significant levels of chemokines such as CCL2, CXCL1, and CXCL10 demonstrable specifically in diseased-associated astrocytes only upon secondary challenge (Hennessy and others 2015; Lopez-Rodriguez and others 2018) . One striking feature in these disease models was that despite the clear astrocytosis present in disease, nuclear localization of NFκB p65 was absent in disease per se and only becomes localized to the nucleus after secondary inflammatory challenge. The reported A1 phenotype is heavily dependent on NFκB activation (Liddelow and Barres 2017) but astrocytic NFκB activation appears more limited in models of chronic neurodegeneration (Ben Haim and others 2015; Crosio and others 2011; Lopez-Rodriguez and others 2018).
Some earlier data had suggested hypersensitive astrocyte responses emerging in combinatorial or sequential treatment designs in vitro: co-treatment of astrocytes with IFNγ facilitated significantly more robust responses to IL-1 (Chung and Benveniste 1990) , while prior exposure to to TLR3 ligands, cocktail left astrocytes hypersensitive to subsequent stimulation with TLR2 agonists (Henn and others 2011) . In those experiments NFκB nuclear localization and chemokine synthesis were the outcomes that revealed the exaggerated astrocyte responses. Astrocytes "primed" with TNFα or those prepared from hSOD1G93A mice showed elevated expression of α v β 3 integrin, P2x7r, pannexin, and connexin-43, which would increase their reactivity to various subsequent stimuli and, in that study, increased Thy-1-induced cell migration (Lagos-Cabré and others 2017).
Therefore, "priming" of astrocytes by primary pathology to show exaggerated responses to subsequent stimuli is likely to be a general feature of astrocytes and should replicate in further models, with perhaps some differences predicted depending on the primary pathology. The primed astrocytes of the ME7 brain (i.e., those that robustly expressed chemokines upon secondary challenge) were prominent in the stratum radiatum of the hippocampal CA1, which, at that time, undergoes massive presynaptic terminal loss (Cunningham and others 2003) while those in the APP/PS1 brain were predominant in the dentate gyrus directly adjacent to Aβ plaques and did not occur distal from these plaques (Lopez-Rodriguez and others 2018). Therefore, the proximity of astrocytes to specific pathological features has a major impact on the phenotype they adopt, and their susceptibility to further activation upon secondary challenge. Other studies in ageing also suggest that astrocyte-derived chemokines like CXCL10 show exaggerated synthesis when aged animals are exposed to systemic LPS challenge (Clarke and others 2018) , providing further evidence for priming of astrocytes and switching of phenotype upon secondary challenge. Therefore, however the phenotype of astrocytes in these diseases and ageing models might be defined, they clearly can change their phenotype once again upon a subsequent change to their environment: phenotype is plastic and exists on some continuum of different states depending on the local molecular milieu. In the context of chronic neurodegeneration, in which microglia are already primed to produce exaggerated IL-1β responses to subsequent inflammatory stimuli (Cunningham and others 2005; Holtman and others 2015) , astrocytes are also hypersensitive to IL-1 stimulation and this may facilitate an amplification loop (Fig. 3) that seems likely to produce a deleterious, NFκB-driven and highly inflammatory astrocyte phenotype (Hennessy and others 2015; Lopez-Rodriguez and others 2018) . Microglial and astrocyte priming facilitate an inflammatory amplification loop. During exposure to pro-inflammatory stimuli such as bacterial endotoxin (LPS) microglia in normal mice (left) synthesize IL-1β and this IL-1β may activate astrocytes to release chemokines such as CCL2, CXCL1, or CXCL10. During neurodegenerative disease microglia become activated or "primed" to show exaggerated IL-1β responses to LPS and these enhanced IL-1β levels may produce further chemokine synthesis. However, astrocytes also display a "primed" phenotype in animal models of neurodegenerative disease (ME7, APP/ PS1) and upon sensing a secondary inflammatory stimulus, primed astrocytes also respond in a hypersensitive way, secreting exaggerated levels of chemokines. Therefore, if levels of IL-1β, released by primed microglia, are already exaggerated this will produce a further amplification upon stimulating IL-1-hypersensitive astrocytes. This inflammatory amplification loop, comprising exaggerated IL-1 production in addition to IL-1-hypersenstive astrocytes, leads to dramatic chemokine production and excessive inflammatory cell infiltrates (Hennessy and others 2015) . Loss of this signaling contributes to astrocyte activation. STAT3 activation drives Socs3 transcription, which contributes to feedback inhibition of STAT3 activation. TGFβ1, in addition to providing suppression of NFκB, is also an activator of SMAD proteins (not shown) and of mitogen activated protein kinases (MAPKs). The latter have been shown without reference to specific examples or transcriptional consequences due to the enormous variety of these proteins and the complexity of their signaling consequences. S1P signaling interacts with multiple signaling pathways, promoting NFkB, activating MAPKs, and elevating cellular Ca 2+ . NICD = notch intracellular domain; IL-= interleukin-; IFNγ = interferon γ; JAK = Janus kinase; STAT3 = signal transducer and activator of transcription 3; SOCS3 = suppressor of cytokine signaling 3; TGFβ = transforming growth factor β; IkB = inhibitor of nuclear factor kappa-B; NFkB = nuclear factor kappa-B; DAMPS = damage-associated molecular pattern; TNFα = tumor necrosis factor α; S1P = sphingosine-1-phosphate; ER = endoplasmic reticulum; CN = calcineurin; NFAT = nuclear factor of activated T-cells. (B) Proposed scheme for key stages in the sequential development of phenotypic changes in astrocytes during pathology: loss of Notch signaling may combine with STAT3 activation to produce astrocytosis although NFκB activation may not occur in all pathological situations but does arise upon secondary inflammatory insults. 
Phenotype Is Shaped By Multiple Signaling Pathways
There is clear evidence for influences of STAT3, NFκB, NFAT, MAPK, Nrf2, Notch, and other signaling pathways on astrocyte phenotype in various conditions, and it seems reasonable to propose that the observed phenotype of astrocytes will be a product of the signaling pathways that are active in unison or in sequence (Fig. 4) . STAT3 is directly implicated in driving reactive astrocytosis (Herrmann and others 2008) and is also activated in chronic neurodegeneration: the mSOD1 ALS model (Shibata and others 2009) , the 3xTg AD model, and a lentiviral vectorbased non-human primate Huntington's disease model (Ben Haim and others 2015) . Stat3 is known to be induced by IL-6, IFNγ and several growth factors and has multiple impacts on astrocyte phenotype (Ceyzériat and others 2016) . Overexpression of the endogenous inhibitor of STAT3, SOCS3, was sufficient to prevent astrocyte reactivity in these models (Ben Haim and others 2015). However, while there is clearly NFκB activation driving the strongly pro-inflammatory changes observed in acute LPS and MCAO-treated animals (Zamanian and others 2012), there was not consistent evidence of NFκB nuclear localization in chronic ME7 or APP/PS1 models prior to the subsequent addition of IL-1β or TNF-α (Hennessy and others 2015; Lopez-Rodriguez and others 2018) and no suppression of IκBα in the 3xTg or primate HD models (Ben Haim and others 2015) . This suggests limited activation of NFκB during astrocytosis in chronic neurodegeneration, consistent with the failure of astrocyte NFκB suppression to alter onset and progression in ALS (Crosio and others 2011) . Therefore, we propose that STAT3 is active, and produces reactive astrocytosis across a broad range of insults, but that NFκB is less universal and its activation, upon subsequent stimuli, may facilitate another, more pro-inflammatory level of activation of these astrocytes, driving an additional panel of NFκB-dependent genes (Fig. 4) . It is abundantly clear that NFκB signaling in astrocytes has significant deleterious effects in multiple models of pathology (Brambilla and others 2005; Brambilla and others 2009b) , but NFκB-dependent genes such as PTX3 are also important to glial scarring (RodriguezGrande and others 2014) and contribute to lesion restriction and improved recovery (Burda and Sofroniew 2014) . The impact of suppressing astrocyte NFκB is, therefore, likely to be context and timing dependent. There are also obviously several other signaling pathways that will further shape astrocyte phenotype. TGFβ1 is known to suppress activation of NFκB, making it an important candidate to limit NFκB-induced damage. TGFβ1 was found to be neuroprotective against Αβ oligomer-induced synapse loss (Pereira Diniz and others 2017) and its deletion in astrocytes (Ast-Tbr2DN mice) increased severity of gliosis and inflammation in stroke and Toxoplasma infection (Cekanaviciute and others 2014b) . However, its activation is not uniformly advantageous: astrocyte TGFβ1 activates MAP kinases and has been shown to contribute to ALS disease progression via suppression of T-cell IFNγ and microglial modulation (Endo and others 2015) . S1P is a bioactive sphingolipid that acts via receptors S1P1-5. Among these, the S1pr3 transcript is upregulated in most studies of astrocytosis and is regarded as a panreactive transcript . S1P3 activation is known to drive pERK, pAKT activation, and Ca 2+ elevation (O'Sullivan and Dev 2017), which can further activate calcineurin and NFAT signaling. NFAT is an important pro-inflammatory transcription factor in its own right, elevated in aging and AD models and driving expression of C3, S100B, growth factors, cytokines, and chemokines (Sama and others 2008; Shirakawa and others 2017; Sompol and others 2017) . The S1P modulating drug fingolimod (FTY720) can suppress many of these pro-inflammatory molecules (Rothhammer and others 2017) and astrocyte-specific deletion of S1P1 reduced demyelination and axonal loss in EAE (Choi and others 2011) . S1P activation can contribute to the ability of IL-1 to trigger robust NFκB activation (Colombo and others 2014) . Therefore, disease-associated S1pr3 elevation and S1P signaling may synergize with IL-1, or indeed TNFα, to produce the exaggerated responses typical of primed astrocytes in the degenerating brain.
Among all these upregulated pathways, an important influence is the maintenance of Notch signaling by proximity to healthy neurons. The loss of this influence during neurodegeneration brings loss of Notch-regulated genes and diminished support for neuronal metabolism (Hasel and others 2017) and this may be an early step in facilitating a broad spectrum of astrocyte phenotypes (Fig. 4) .
Recent studies have significantly broadened the range of molecules manipulated in astrocytosis in various pathological states, and although a full discussion of these is beyond the scope of this review, a small selection of these is provided in Figure 4 and Table 1 . This list is not exhaustive (see Colombo and Farina, 2016, for review) . Activation or suppression of these, and other, signaling pathways in various combinations is likely to underpin multiple astrocyte phenotypes.
Concluding Remarks
Systematic dissection of the relative contributions of different signaling pathways and different downstream mediators of their effects will be required to more fully appreciate the multiple states that astrocytes may adopt during CNS pathology. It will be necessary to fully dissect the impact of sequential or combinatorial activation where multiple signaling pathways become activated. Manipulation of astrocyte phenotype holds significant therapeutic potential, but it bears repeating that phenotypic diversity is determined by development and regionality and by dynamic changes to what these cells are exposed to during pathology. In both cases we must confront this heterogeneity to understand how astrocyte function shapes function and dysfunction in the brain.
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